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Metal oxide nanoparticles (MONPs) are the most important class of nanoparticles regarding the volume of production 
and application potential in diversified fields. The research domain of MONPs is vastly expanding and rationally million of 
bytes are utilized to cover the literature each day around the globe. They can be synthesized in a variety of processes and the 
MONPs produced through different processes differ greatly regarding morphology, texture and functionality. Therefore fine 
tuning of process control in synthetic methodology is under extensive research along with relevant structures and properties 
so as to fit the need. Improvisations in synthetic procedures are always attempted and newer dimensions of applicability are 
being explored. The MONPs find extensive use in the field of optoelectronics, gas sensing, surface coating, biomedicine, 
fuel cells, catalysis and in so many fields. This review attempts solely to cover a general outline of the synthetic methods of 
production of MONPs and metal oxide nanostructures. 
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Nanotechnology (NT) is undoubtedly the most 
developing domain of science for the present 
scenario. This field is utterly fascinating for 
researchers since the early 90s of the last century. NT 
has become the prime multidisciplinary branch of 
modern technology and surely it will encompass 
greater area in future. NT is considered as the ―key 
technology of the 21
st
 century‖. The prefix ‗nano‘ is 
derived from the Greek word (Latin nanus), meaning 
"dwarf". A nanometer (nm) is an international system 
of units (Système international d'unités, SI), the unit 
that represents 10
−9
 meter in length. In principle, NT 
can be conceived as the subject dealing with the 
understanding and control of matter at dimensions 
between approximately 1 and 100 nm whereas 
nanomaterials (NMs) are commonly defined as any 
material having the confinement in the range of 1 to 
100 nm in at least one of the three dimensions. 
Presently an internationally accepted single definition 
for NMs does not exist. As per the United States 
Environmental Protection Agency (US EPA), ―NMs 
are a diverse class of substances that have structural 
components smaller than 100 nm in at least one 
dimension‖
1
. According to The International 
Organization for Standardization (ISO TS 80004-1) 
the term ‗nanomaterial‘ is proposed to be defined as 
―Material with any external dimension in the 
nanoscale or having internal structure or surface 
structure in the nanoscale‖
2
. In the same line the 
Europian Union Commission, follows the definition 
as ―Nanomaterial means a natural, incidental or 
manufactured material containing particles, in an 
unbound state or as an aggregate or as an agglomerate 
and where, for 50 % or more of the particles in the 
number size distribution, one or more external 
dimensions is in the size range 1 nm–100 nm‖
3
. In 
this context, nanoparticles (NPs) are technically 
viewed as the materials having all three dimensions in 
the nano range and presumably NPs are the major 
class of NMs that attracted the scientific community 
from the advent of nanotechnology research.  
 
Metal oxides are undeniably the most versatile 
class of chemical compounds with diversified 
structures and allied properties. The bulk properties of 
the metal oxides were studied with great deal. The 
crystal structure, thermodynamic stability, morphologies, 
associated electronic structure, electrical conductivity 
and other domains were well explored in order to tune 
the properties to fit the application. However, the 
advent of NT research extended the field of metal 
oxides to a more elaborated domain with incorporation 
of the term metal oxide nanoparticles (MONPs). The 
dimensional pre-requisite triggers new and robust 
research in terms of synthesis and stability of 
MONPs. The MONPs have emerged out to be of 
appealing properties different from that of the bulk 




phase with great tunability and thus find extensive 
application in industry. In scaling down to nano 
dimension from bulk phase, a number of unique 
properties are developed in MONPs. These properties 
can solely be attributed to the size factor and the high 
density of sites at the corners or edge surfaces 
compared to bulk structure. The nano-dimensionality 
actually dictates three prime groups of properties in 
any material
4
. The first one is related to structure 
parameters, namely, the lattice symmetry, packing 
and the cell arrangement
5
. Bulk-phase oxides are 
thermodynamically very stable systems with robust 
array of atoms in a well-defined crystallographic 
framework. In descending down to nano range, the 
surface/volume ratio increases, resulting in huge 
modification of surface free energy along with 
distortion and strain arising out of the small size. 
These factors mutually determine the thermodynamic 
stability of the concerned nanostructure
6
. In the 
extreme case, the resulting alterations of the cell 
parameters and structural changes can be so huge, that 
a stable bulk phase structure may not be stable in the 
nano-range
7
. The strain arising out of greater atom 
density at the surfaces and corners due to size 
reduction is termed as internal strain
8
. Apart from this 
‗internal strain‘, an ‗external strain‘ also develops 
depending on the method of synthesis. Calcinations 
and annealing may sometimes relieve them well
9
. The 
second group of properties, those changes remarkably 
upon scaling down is the electronic properties. The 
most important effect that the nano-dimension 
produces is the quantum confinement effect, which 
stems out of discrete, atom-like electronic states. 
These states can be conceived of as the superposition 
of bulk-like states with an associated increment of 
oscillator strength
10
, leading to energy shift of 
excitation levels and optical band gap
11
. However, the 
long-range effect of the Madelung field which dictates 
the electronic properties of a bulk oxide surface, is 
practically nil or very small in nanoscopic oxdes
12
. A 
redistribution of charge evidently occurs in transition 
from long array periodic structure of bulk phase to 
small aggregates or clusters in nano phase, the effect 
being significant for covalent oxides and really small 
for ionic oxides
13
. The degree of iconicity in metal-
oxygen bond is proposed to be controlled by the size 
of the matrix and increases with decrease in the size 
of the matrix. The third group of properties is 
attributable to size factor. Many oxides have broad 
band gaps and comparatively low reactivity in their 
bulk state
14
. A reduction in the average size of an 
oxide particle results in alteration of the magnitude of 
the band gap
15
, with prominent influence on the 
conductivity and chemical reactivity
16
. Moreover, the 
size reduction results under-coordinated atoms (like 
corners or edges) or O vacancies in an oxide NP to 
suffice the specific geometrical arrangements. This 
alters the scenario of the occupied electronic states 
located above the valence band of the corresponding 
bulk material and the chemical reactivity is vastly 
enhanced
17,18
. Thus MONPs have evolved out as 
potentially multifunctional compounds and their 
functionality greatly depends on the particular states 
in which they are being formed
19-22
. There are always 
differences in size, shape, crystallinity, regularity  
as well as surface area, conductivity and several 
properties of a particular MONP depending upon the 
method of synthesis. Also the metal oxides in nano 
dimensions can be formed in polyphasic crystalline 
forms with oxides of different oxidation states of the 
metal. Sometimes mixed metal oxide NPs are 
synthesized as well as metal-metal oxide NPs where 
the metal oxide may be same or different to the parent 
metal
23,24
. The compositions can be stoichiometric as 
well as non-stoichiometric. They are better referred as 
metal oxide nanocomposites or metal oxide nano 
clusters
25
. The MONPs possess enormous technological 
applications as sorbents, sensors, ceramic materials, 
photo-devices and catalysts and so more.  
Newer findings regarding the effectiveness of 
MONPs in diverse domains are being reported 
comprehensively. MONPs are being quite extensively 
incorporated in different nano frameworks in 










They are also judiciously tailored in Metal Organic 
Framework (MOF) in order to evolve out novel 
properties
33
. MONPs are extensively utilized as 
Electron Transport Layer (ETL) for highly efficient 
Dye-Sensitized Solar Cells (DSSCs)
34
. They are  
also increasingly used to develop semiconductors
35
. 
The incorporation of MONPs with other functional 
materials proved to be innovative in the field of 
biomedical research, drug delivery, imaging and other 
fields. Lanthanide-Doped Hafnia NPs are reported for 
multimodal Theranostics and used for tailoring the 
physicochemical properties by interactions with 
biological entities
36
. Zhang et al. have reported the use 
of metal oxide nanoparticle band gap to develop a 
predictive paradigm for oxidative stress and acute 
pulmonary inflammation
37
. Gao et al. very recently 
showed the performance enhancement of Enzyme-
Linked Immunosorbent Assay (ELISA) through use 




of metal and MONPs
38
. A recent report also 
highlights the success of pharmacologic vitamin  
C-based cell therapy via iron oxide NP-induced 
intracellular Fenton reaction
39
. Archana et al. has 
efficiently employed hierarchical CuO/NiO-Carbon 
nanocomposite derived MOF on Cello Tape for  
the flexible and high performance nonenzymatic 
electrochemical glucose sensors
40
. The MONPs have 
also been utilized very effectively in different fields to 
attain better output. Adithya et al. reported the use of 
Lanthanum-iron binary oxide nanoparticles as  
cost-effective fluoride adsorbent and oxygen gas 
sensor
41
. Gnanasekaran et al. employed CeO2, CuO, 
NiO, Mn3O4, SnO2 and ZnO NPs as photo catalysts 
for degradation of textile dyes
42
. Gonçalves et al. also 
reported the photochemical H2 production of Ta2O5 
nanotubes decorated with NiO NPs by modified 
sputtering deposition
43
. The astonishing and diversified 
application potential of MONPs has prompted the 
research community to investigate keenly on newer 
synthetic routes and improvisations of the existing 
routes in order to achieve newer properties in a  
cost effective way. Greater emphasis in synthetic 
procedures is also employed to develop nano moieties 
where MONPs are incorporated within different 
functional materials. Another most important aspect 
of the synthetic procedures remains to produce 
MONPs in biocompatible form; therefore modifications 
in the synthetic protocols are always implemented to 
attain greater biocompatibility of MONPs.  
 
Synthesis of MONPs 
The synthetic regime of the whole domain of metal 
oxide nanocomposites can be primarily classified in 
two distinct divisions; the Top down approach and the 
Bottom up approach. Fig. 1 depicts the synthetic 
procedures of MONPs and the divisions there-in at a 
glance. 
 
Top down approach  
The top down approach generally covers the 
synthetic routes where the NMs are being formed 
from the bulk phase solid state precursors. It is the 
process of scaling down the bulk material to nano 
dimensions. There are a variety of processes through 
which the task can be performed. The top down 
approach is really very important for preparing the 
MONPs where very prolific and regularized shape of 
the NMs is required. In the top down approach, the 
starting material is essentially solid and there occurs 
slicing or successive cutting to get nano sized particles. 
There are mainly two techniques, mechanical 
techniques and lithographic techniques. Mechanical 
techniques comprises of cutting, etching, grinding, 
ball milling, whereas lithographic techniques are 
mainly electron beam lithography. 
 
Mechanical techniques 
Mechanical techniques refer to those processes 
where mechanical energy in the form of ball-milling 
is utilized to effect the desired change from macro to 
nano dimension. It can be classified into following 
sub-heads.  
 
Mechanical milling  
Mechanical milling is the method where a suitable 
powder charge (usually, a mixture of elements) is 
loaded in a high energy mill, in conjunction with a 
suitable milling medium in order to reduce the 
particle size as well as blending of particles in new 
phases (not always). The high energy rotating balls 
 
 
Fig. 1 — The classification of synthetic procedures of MONPs. 




incur mechanical energy to the substituents promoting 
the collapse to shorter dimension. Depending on the 
energy input, the process can be hard as well as soft. 
The method was first developed by John Benjamin 
(1970) and co-workers at the International Nickel 
Company in the late 1960's in order to synthesize 
complex Oxide Dispersion-Strengthened (ODS) 
alloys and production of fine, uniform dispersions of 
oxide particles (Al2O3, Y2O3, ThO2) were reported.
44
 
Lee et al. reported the size reduction from commercial 
1 μm α-Fe2O3 powder (99.9%) to about 15 nm in 100 
h ball milled powder along with α-γ-α-Fe2O3 
transformations
45
. Indris et al., also reported the 
synthesis of nanocrystalline powder of the anatase and 
rutile modifications of TiO2 in the average grain size 
of 20 nm through high energy ball milling of the 





Mechanochemical method is a method where a 
chemical process is performed through activation by 
mechanical ball miling
47
. This method does not 
require any thermal input. The displacement reaction 
occurs in the solid phase. The prime advantage of 
mechanochemical synthesis lies in the fact that 
agglomeration does not take place as compared to 
other methods. Very pure NPs are produced by this 
method with easier control of particle size distribution 
by optimization of parameters like ball to powder 
weight ratio, stoichiometric ratio of starting materials, 
milling time and intervals together with other factors. 
The particles formed during mechanochemical 
synthesis are disperse and nanocrystalline because of 
pulverization of the reagents and chemical interaction 
between the components. After the completion of 
milling, the NPs are obtained as dispersed within the 
soluble salt matrix being surrounded by by-products. 
Selective disposal of the matrix phase is carried out 
by washing the produced powder with suitable 
solvents. Solvents are dried off and characteristization 
is the next step. An outline of the process can be 
given where Fe2O3 NPs have been synthesized by 
mechanochemical solid-state reaction between 
sodium carbonate (Na2CO3) and iron chloride (FeCl3, 
6H2O)
48
. Various types of MONPs and metal-metal 









Wet grinding method 
Wet grinding method is another good method, 
where the bulk phase metal oxide is grinded in 
presence of a surface modifier to get the MONP. 
Priyadarshana et al. have synthesized magnetite NPs 
from a high purity natural iron oxide ore found in 
Panvila, Sri Lanka through five-phase controlled 
grinding in presence of oleic acid as surface modifier 
following a novel top down approach. Oleic acid, a 
long chain carboxylic acid hinders the process of 
agglomeration and oleic acid coated magnetite NPs 





Etching synthesis refers to the scenario where the 
surface of the precursor material or unprotected parts 
of the pre-treated micro-sized precursors (generally 
referred as wafer) are cut off either by physical 
methods or chemical methods to effect fabrication on 
the surface of the wafer. The pre-treatment requires 
the specific patterns to be deposited as masks on the 
wafer surface, which are done through lithography. 
Thereafter the physical methods or the etchant are 
used to cut off the unprotected regions of the wafer 
surface to develop the final fabricated NM. Etching 
can be categorized as dry etching using physical 
methods and wet etching using chemical etchant. 
 
Dry etching 
Thermal etching is categorically considered as a 
method of dry etching. Thermal etching is the case 
where some sort of surface modification of 
MONPs/nanocomposites via removal of oxygen from 
the surface sites is achieved through annealing. In 
case of metal oxides like ZnO, oxygen (O) vacancy is 
formed via O2 evaporation from lattice that leaves 
behind negative charges. These O vacancy sites are 
very much favorable for H2O adsorption and 
consequent metal ion detachment from the lattice 
resulting in enhanced macroscopic dissolution. In 
ZnO NPs, under annealing in an air/fluid heating 
system in the temperature range of 303 K to 363 K 
using ultrapure water, deeper and larger etching pits 
are formed with increasing temperature and can be 





Laser assisted etching 
When laser is utilized for the etching purpose, the 
process is laser assisted etching. Here laser rays bring 
about inelastic collision with the lattice surface that 
results in fragmentation of the lattice to smaller 
domain as well as modification of the lattice. Co3O4 
NPs were synthesized by means of laser 
fragmentation from raw Co3O4 powders at room 






. The laser source, as reported, was a 
nanosecond pulsed Nd:YAG laser (Dawa-350 from 
Beamtech) with wavelength of 1064 nm, pulse width 







Chemical etching falls under the category of wet 
etching. This is indeed another method where highly 
regulated shape of the NMs can be obtained. 
Chemical etching is the process where the etchant, 
mainly strong acid or mordant (a corrosive liquid) is 
employed for the purpose. The etchant dissolves or 
etches out portions of the unprotected surface of the 
as prepared micro-sized precursors (wafer) to 
transform the precursor into nano range with desired 
fabrication on the surface. Wang et al. reported the in 
situ synthesis of the ZnO nanotips array with number 




 from ZnCl2 and 
ammonia by seed-layer assisted growth technique.
55
 
Kwangjin et al. also reported the synthesis of various 
hollow oxide NPs from as-prepared MnO and iron 
oxide nanocrystals by heating the metal oxide 
nanocrystals dispersed in technical grade 
trioctylphosphine oxide (TOPO) at 300 °C for hours. 
The impurities in technical grade TOPO, especially 
alkylphosphonic acid, was found to be responsible for 
the etching of metal oxide nanocrystals to the hollow 
structures
56
. Li et al. demonstrated a facile top-down 
etching method to fabricate the uniform single crystal 
hematite concave nanocrystals
57
. The selective 
etching along [006] zone axis of the icositetrahedron 
was made possible by employing phosphate ions as an 
effective etchant. α-Fe2O3 hexagonal hollow rings 
were also synthesized by this top down etching 
approach.  
 
Lithographic techniques  
Lithography is the method of transferring a specific 
pattern from one to another media. Electron beam 
lithography emerged in the 1960‘s. It comprises of the 
electron beam irradiation on a surface that is sensitive 
to electrons by means of scanning with focused 
electron beam which results in differential absorption 
of energy from the electron beam together with 
physical and chemical changes. The process 
ultimately creates a latent image of the desired pattern 
on the surface, called resist, which on subsequent 
physical or chemical treatment produces the ultimate 
fabrication on the surface. The fabrication of metal 
oxide nanostructures with precisely controlled 
geometries and spacing is very important in the 
improvement of functionality. A study is exemplified 
where sputtered TiO2 thin films of 130 nm thickness 
deposited on Silicon wafers covered with thermally 
oxidized SiO2, were patterned using direct write  
e-beam lithography combined with dry etching in an 
inductively coupled plasma (ICP) system
58
. The 
designed motives with dots diameter from 45 to 200 nm 
and spacing from 200 to 2000 nm were defined into 
HSQ negative resists at various thickness.  
 
Bottom up approach  
The bottom up approach encompasses the synthetic 
routes that start from the fundamental building blocks, 
mainly atoms and molecules
59
. The precursors are 
initially brought in the molecular range from where 
the process of self-assembly hierarchically develops 
the NM. The bottom up approach can be subdivided 
into three categories; liquid phase synthesis, vapor 
phase synthesis and green synthesis. Although green 
synthesis is exclusively liquid phase synthesis, yet it 
is categorized in a different class. Whether it is a 
liquid phase synthesis or vapor phase synthesis, two 
routes are followed; the chemical route and the 
physical route. Liquid phase synthesis always 
involves chemical route, whereas the vapor phase 
synthesis involves the physical route except chemical 
vapor deposition and pyrolysis. 
 
Liquid phase synthesis 
Liquid phase synthesis involves the process where 
the precursors are in liquid matrix
60
. Solutions of 
metal salts and organometallic compounds with 
suitable solvents are the starting material, which then 
undergo the chemical transformation by providing 
activation energy by different means. According to 
the type and source of energy supply, different 
terminologies are attributed to different bottom up 
synthetic routes. The chemical transformation leads to 
formation of metal oxide products. The nucleation 
and growth are the fundamental controlling aspects 
that are adjusted so as to minimize agglomeration by 
providing the supply of surfactants and/or modifier 
and/or capping agents in the reaction medium if 
necessary. The next part is the work-up followed by 
characterization of the NM. The conventional liquid 
phase synthetic routes are described below. However 
modern day synthesis in most of the times involves 
more than a single route coupled together for better 
synthetic results. 
 
Sonochemical method  
In sonochemical method, the metal salt is subjected 
to very strong ultrasound vibration that causes the 




breaking of the chemical bond. The acoustic 
cavitation resulting from alternate compression and 
relaxation together with the immense change of 
pressure and temperature in very short zones within 
ultra-short time-period in the solvent matrix leads to 
reaction. It is subsequently followed by nucleation but 
growth is hindered and the particles are produced in 
nano dimension
61
. In general, high temperature and 
pressure are not required and synthesis time is short. 
This method also provides a way of synthesizing 
monodisperse NPs of uniform size and high surface 
area. Surfactant addition is not necessary and the NPs 
are obtained in crystalline phase. A variety of MONPs 
have been synthesized by sonochemical method. 
Examples may be cited of preparation of ZnO NPs by 
reaction of zinc acetate with sodium hydroxide.  
The mixture is first sonicated for 35 minutes by  
60 W ultrasound power and milky white precipitate of 
zinc hydroxide is produced. The precipitate upon 
subsequent washing and anneling at 400 °C, produces 
white powder of ZnO NPs in the average size of  
57.5 nm
62







 etc.  
 
Co-precipitation method  
Co-precipitation method is one of the most widely 
used methods for obtaining MONPs. This involves 
the reaction between a metal salt precursor (mainly 
nitrate or chloride) with base in aquous medium in 
presence of surfactant and /or capping agent in mild 
thermal conditions. Metal oxo-hydroxide is obtained 
which upon oven-drying, MONPs are produced. This 
is the most efficient way for preparation of magnetite 
NPs. The pH and ionic strength of the medium are 
important for precipitation. The nucleation and 
growth are the two important factors that are needed 
to modulate in order to hinder agglomeration of the 
NPs. The particle size can be adjusted within the 
range of 20 nm. Massart et al. first synthesized 
superparamagnetic iron oxide NPs of spherical shape 
with diameter of 8 nm by alkaline precipitation of 
FeCl3 and FeCl2
66
. Various MONPs have been 
synthesized by this method, some representative 







etc. A synthesis quite similar in 
principle to the method of co-precipitation has been 
devised which worked in absence of solvent. A 
hydrated metal salt (typically a nitrate or chloride salt) 
is mixed with bicarbonate (generally NH4HCO3) 
thoroughly for 10–30 minutes to transform into the 
precursor from which upon calcination at quite low 
temperatures (220–550 °C) for 1–3 h, the NPs are 
produced. MONPs of most of the transition metal and 
semi-metals in the periodic table (groups 3–4 and 6–
15) as well as some of the lanthanide group metals 





Sol-gel method is a widely recognized method for 
the synthesis of MONPs
71
. The process involves the 
hydrolysis of metal reactive precursors, mostly 
alcoholic solution of alkoxides that break down to the 
corresponding hydroxide upon hydrolysis. Condensation 
of the hydroxide molecules by removing water 
molecules forms a network of metal hydroxide. 
Gelation is achieved in the process of polymerization 
of the hydroxide species through condensation of the 
hydroxy network and a thick porous gel is resulted. 
Elimination of solvents and proper drying of the gel 
are very important steps that produces an ultra-fine 
powder of the metal hydroxide, which upon heat 
treatment in the final step leads to the corresponding 
ultra- fine powder of the metal oxide. This method 
has been utilized for preparation of a number of 











Microemulsion method  
This method deals with two immiscible phases (oil 
and water), separated by a monolayer of surfactant 
molecules and thus forming two binary systems—
water/surfactant and oil/surfactant—in a way that the 
hydrophobic tail groups of the surfactant molecules 
are dissolved in the oil phase whereas the hydrophilic 
head groups are in the aqueous phase
76
. The typical 
examples for emulsifier/surfactant are sodium dodecyl 
sulfate (SDS) and aerosol bis(2-ethylhexyl) 
sulfosuccinate (AOT). This method involves mixing 
of appropriate amounts of the surfactant, oil, water 
and the metallic precursor (e.g. organometallic 
precursor solution in the oily phase) followed by 
stirring at room temperature to develop a homogenized 
phase. When the concentration of the emulsifier in 
water (or oil) solutions are small, the emulsifier is 
soluble and exists as a monomer, but when the 
concentration exceeds the critical micellar concentration 
(CMC), the spontaneous aggregation of the emulsifier 
molecules results in formation of micelles and these 
micro-water droplets serve the role of nanoreactors 
for the formation of NPs
77
. Addition of reducing/ 
oxidizing/precipitating agents in the homogenized 
phase with vigorous stirring do the task of exceeding 
the CMC and results in precipitation of the NPs 




within the micelle core, which follows centrifugation, 
wash cycles and drying/ calcinations to the ultimate 
production of the NPs. The formed NPs are generally 
mono-disperse. Shape and size can be modulated in 
these methods by regulating the various self-
assembled structures produced in the binary systems. 










Solvothermal method is the method where the 
reaction mixture in the solvent is treated in an 
autoclave at an elevated temperature less than the 
boiling point of the solvent at higher pressure
81
. The 
conditions in the closed container greatly change the 
solvent properties approaching the critical state and 
thus product formation becomes more facile. In case 
of MONPs, metal precursors with appropriate 
reagents are heated in autoclave, sometimes in 
presence of polyols and surfactants that serve the role 
of capping agent. Solvothermal synthesis of single-
crystalline ZnO nanostructures have been reported, 
where using methanol as solvent, ZnO nanorods with 
length and width in the range of 100–150 nm and 20–
25 nm respectively, are produced from zinc nitrate 
and zinc acetate, although ZnO NPs of diameter 20–
25 nm are produced from zinc chloride under similar 
condition. Changing the solvent to ethanol, 
exclusively produces NPs from all precursors
82
. Iron 
oxide NPs have also been synthesized by alkaline 
solvothermal method employing anhydrous ferric 
chloride, sodium hydroxide, polyethylene glycol and 
cetyl trimethyl ammonium bromide, the product being 
a mixture of different phases of iron oxides namely  
γ-Fe2O3(maghemite, tetragonal), Fe2O3 (maghemite, 
cubic), Fe3O4(magnetite, cubic) and ε- Fe2O3 in size 
range of 19.8 nm to 48 nm
83







Hydrothermal method  
Hydrothermal method is the name given to the 
solvothermal process when water is employed as the 
solvent. In most cases the hydrothermal method 
consists of decomposing organometallic precursors. 
The major advantage with organometallic compounds 
being that the precursors can be treated at relatively 
low temperatures to form the final product. The 
control of the decomposition temperature and pressure 
allows the tuning of the properties of the NPs 
regarding size and morphology. Hydrothermal processes 
can be modulated in two types of systems; the batch 
hydrothermal and continuous hydrothermal process. 
In the first case, the process can be continued with the 
desired ratio phases while for the latter a higher rate 
of reaction can be achieved at a shorter time period. 
As for example TiO2 NPs have been synthesized in 
the hydrothermal method by the hydrolysis of 
titanium tetraisopropoxide (TTIP) using HNO3 as a 
peptizing agent
86
. Other examples can be cited 









Solution combustion method 
Solution combustion synthesis (SCS), being a time-
saving as well as energy-saving process as compared 
to other routes, is employed for the formation of 
complex oxides with scale-up applications. Solution 
combustion method comprises of an exothermic 
reaction between metal precursors and organic fuels. 
The combustion reaction initiates by decomposition 
of metal precursors and fuels to the intermediate 
products that are solid-reacted by the thermal energy 
evolved during the exothermic reaction to generate 
the final product. The molecular mixing of cations 
together with fuel chelation dictates towards the 
formation of the product following calcination at 
lower temperatures
90
. In a recent work, iron oxide 
NPs have been synthesized by one pot solution 
combustion method using ferric nitrate (as metal 
precursor and oxidizer) and glycine (as fuel) where 
control over the morphology and composition had 
been tuned by only adjusting the molar ratio of fuel 
(glycine) to oxidizer (ferric nitrate)
91
. Other examples 








Microwave assisted synthesis 
Microwave assisted synthesis is referred to any of 
the earlier discussed solution based synthetic 
procedures for which the energy input is provided by 
microwave heating. It is also termed as dielectric 
heating, since only dielectric substances can absorb 
and interact with microwave radiation and is a non-
quantum mechanical phenomenon. It is a process 
where direct heating rather than conductive heating 
can be achieved instantaneously. Microwave irradiation 
can produce high temperature and rapid cooling on 
just a switch and this short durational direct high 
energy input triggers the product formation. It has 
been proved to be a very purposeful way to synthesize 
NPs and to modulate their shape, size and 
morphology accordingly. Singh et al. had reported the 
synthesis of SnO2 NPs by microwave heating. A 




precursor solution was made by dropwise addition of 
0.05 M citric acid to a 0.03 M solution of SnCl2.2H2O 
and the mixture was heated at 80°C in oven to reduce 
the volume to one-fourth of the initial. Microwave 
treatment at 700 watt for 10 min on the precursor 
solution mixture produced precipitate, followed by 
washing, drying and subsequent annealing at 500 °C 
produced the NPs
95
. The microwave heating are now 
employed in conjunction with other processes for 
providing in situ 3D heating, which proved to be very 
useful for manufacture and fabrication of well-
dispersed metal oxide NPs on a 3D carbonized 
wood
96
. Other examples of MONPs synthesized via 









Electrochemical synthesis is a rather old technique 
for formation of MONPs, especially to produce 
coatings of MONPs over substrate surface. This 
electrochemical synthesis of MONPs is very 
promising towards fabrication of the surface to 
sophistication and desired accuracy. The process is 
very facile and fast, occur at room temperature, less 
time consuming and above all impurities can be 
restricted. The shape and morphology of the 
nanostructures can be modulated by controlling 
different parameters. The general techniques are  
(a) pulse current deposition to control the growth of 
deposits, (b) use of additives and surfactants to 
modify the grain size of deposits and (c) NPs insertion 
into deposits to form nanocomposites. These 
electrodeposition techniques play a major role 
towards fabrication of electrodes for use in different 
types of sensors. Park et al. reported the 
electrodeposition of randomly oriented polycrystalline 
maghemite (γ-Fe2O3) NPs with the control over the 
morphology and production rate of NPs by altering 
the current density and the electrolyte 
compositions
100
. Yang et al. also reported the 
synthesis of a composite Cu2O/TiO2 electrode by 
electrodeposition of helical TiO2 nanotubes array 
(diameter ≈ 105 nm) by anodic oxidation followed by 
deposition of layer of Cu and Cu2O mixture with an 
approximate thickness of 100 nm with potential 
electrocatalytic activity toward glucose oxidation
101
. 
Among other metal oxides synthesized in nano 







Electroerosion dispersion  
Electroerosion dispersion is the technique in which 
granulated metal is transformed into powder by 
electrical discharge. Typically a few hundred volts 
are discharged in the time limit of a microsecond, 
resulting to attain the plasma temperature in the 
discharge filament around 10000 to 15000 K that 
suffice to melt any metal
105
. Halbedel et al.
 
has 
recently reported the synthesis of iron oxide 
powders in the form Fe2O3 in the size range of 20–





Template based synthesis 
Template based synthesis routes emerged out quite 
recently under the thrust to cater multidimensional 
applicability regarding improvised mechanical, 
optical, magnetic, and electronic properties that can 
be boosted through structure modifications of NMs. 
The templates serve as the guiding pattern of the way 
the NPs will be formed and in this strategy the NMs 
are synthesized within the pores or channels of the 
nanoporous template. Depending on the properties of 
the template, NMs in different morphologies such as 
rods, fibrils and tubules can be prepared. Track-etch 
membranes, porous alumina and other nanoporous 
structures serve the role as templates and different 
strategies like electrochemical and electroless 
depositions, chemical polymerization, sol-gel 
deposition and chemical vapour deposition have been 





recently reported the synthesis of 
hierarchically nanotubular MoO3/SnO2 composite 
based on the layer‐by‐layer self−assembly process of 
molybdenum trioxide nanocrystallites immobilized  
as a thin layer on the tin oxide nanotube surface 
employing natural cellulose substance(commercial 
filter paper) as structural scaffold followed by a 
calcination treatment
108
. MONPs like MnO2 and 
Gd2O3 have also been synthesized in a facile 
environment-benign strategy by employing keratin, a 
family of cysteine-rich structural fibrous protein, as a 
platform template for the first time
109
. Blue-emitting 
ZnO NPs with a particle size of 12–36 nm have been 
synthesized employing cellulose bio template derived 
from Azadirachta indica (neem) leaf extract prepared 
in different solvents
110
. Anatase TiO2 NPs have also 
been synthesized by using poly‐acrylic acid hydrogel 





α-Fe2O3 NPs of less than 5 nm size have 
also been produced by a template-assisted 
combustion method employing iron and ammonium 
nitrate as oxidizers, glycine as fuel and mesoporous 
silica (SBA-15) as template
112
. 




Vapor phase synthesis 
Vapor phase synthesis comprises a very important 
strategy to produce MONPs. As the term suggests, 
here the actual process of NP formation occurs in the 
vapor phase. The precursors should be in gaseous 
phase or should be converted to gaseous phase if solid 
or liquid precursors are used as the case may be. The 
main components of vapor phase synthesis are the 
precursor, vaporizer and the support matrix. The 
precursor is the metal precursor from which 
nanodimensional metal oxide is sought to be 
produced. The vaporizer is the physical part of the 
process, it leads to generation of the vapor of the 
substrate. The vaporization may be induced by 
thermal process, ion beam, laser, plasma arching etc. 
Presence of oxygen in the processing device is a must 
for MONP formation. There may be some chemical 
reactions among the gaseous components or the 
physical processes alone can produce the metal oxide 
in the vapor phase. Supersaturation of the vapor is a 
key to condensation in the vapor phase followed by 
nucleation and growth to produce the NPs. The 
physical conditions are so adjusted that the 
condensation occurs guidedly on support matrix or 
target. Matrix supported thin layers, nano films, nano 
clusters are obtained in this process. The vapor phase 
synthetic routes are conventionally subdivided in 
following heads.  
 
Physical vapor deposition  
Physical vapor deposition (PVD) is an atomistic 
deposition process and commonly attributes to all 
those processes that employ a physical driving 
mechanism of the vapor phase of the material. The 
material is vaporized from a solid or liquid source and 
then transported in vapor form through low pressure 
gaseous (or plasma) environment to the substrate in 
the process chamber. Here condensation occurs in the 
gas phase due to multibody collision followed by 
nucleation and growth resulting in ultimate solid 
phase deposition on the substrate. PVD is considered 
as a major tool towards fabrication of nanostructures 
in surface coating. The first component of PVD 
process is an energy source that vaporizes the material 
from solid state and accordingly the processes are 
categorized as thermal evaporation, electron beam 
evaporation, sputtering, ion-plating, ion-assisted 
sputtering and laser ablation etc., depending on the 
type of energy source and mechanism being used for 
the process of vaporization. The vaporization process 
and transport of the vapor are carried out in very low 
pressure to ultra-high vacuum that eliminate least 
chance of impurity contamination as well as provide a 
long mean free path of the vapor particles to get 
deposited preferentially at the target substrate which 
is placed away from the source. The Physical vapor 
deposition technique has emerged out to be a very 
advantageous process for high deposition rate of 
surface coating and to get thin films with high purity 
and adhesivity with ease of instrumental automation.  
 
Evaporative deposition 
Evaporative deposition or thermal evaporation is 
actually the PVD process where thermal means is 
employed for vaporization. In this process micro-
sized or powder phase of source material is vaporized 
at elevated temperature generally below the melting 
point and the resultant vapor phase condenses in 
presence of oxygen depending upon temperature, 
pressure and environment of the medium. Evaporation 
time and flow rate of the gas phase are crucial 
parameters that dictates the product deposition. The 
thermal evaporation process is very susceptible to the 
concentration of oxygen in the growth environment. 
The differential concentration of oxygen controls the 
volatility of the source material as well as the 
stoichiometry of the vapor phase. Fouad et al. 
reported the deposition of ZnO thin films of about  
10-80 nm size on silicon substrate from metallic Zinc 
(≈ 5mm × 5mm, 99.5% purity) by thermal vapor 
deposition technique with total pressure of 5 × 10
-3
 
torr and temperature ranging from 350 to 650 °C
113
. 
Zhang et al. also reported the synthesis ZnO nanorods 
using simple thermal evaporation at  
650 – 850 °C for 60 to 120 min
114
. Hematite (α-Fe2O3) 
thin films were deposited by the reactive evaporation 
of iron in an oxygen atmosphere
115
. Thin films of 
CuO were deposited by thermal evaporation of 
cuprous oxide (Cu2O) powder
116
. TiO2 thin films were 
also synthesized by vacuum evaporation technique on 




Electron beam PVD (EBPVD) 
In electron beam evaporation, the evaporative 
heating is achieved via an electron beam which is 
targeted on the anode made up of the material to be 





It creates a high vapor pressure of the depositing 
material through snatching of the atoms from the solid 
surface by means of electron bombardment. The 
resulting vapor transports through the process chamber 
and deposits as the top-coating on substrate surface. 
The instrumentation comprises of the control of 




electron beam energy, distance between target and 
substrate, substrate temperature and orientation and 
most importantly the order of vacuum. These factors 
play the key role towards the morphology of the 
produced NPs. Regarding synthesis of MONPs by 
EBPVD, the presence of oxygen is a prerequisite and 
generally O2 gas at a pressure in the order of 10
-5
 torr is 
introduced in the deposition chamber, that suffice for 
the formation of metal oxide nanodeposits. Yang et al. 
reported the deposition of crystalline anatase TiO2 film 
with 0.5 × 10
−4
 torr of O2 pressure by electron-beam 
evaporation using rutile TiO2 as a source material
118
. 
Tesfamichael et al. reported the preparation of pure 
tungsten oxide (WO3) and iron-doped (10 at.%) 
tungsten oxide (WO3:Fe) nanostructured thin films 
using a dual crucible electron beam evaporation (EBE) 
technique at room temperature under high vacuum onto 
glass as well as alumina substrates followed by 
annealing at 300 °C for 1 h
119
. Both α-Fe2O3 thin films 
and nanorod arrays have been deposited using electron 
beam evaporation through normal thin film deposition 





Sputtering is the process that falls under physical 
vapor deposition category. Mechanistically sputtering 
involves the ejection of atoms or molecules of a 
material by bombardment with high-energy particles 
on the target material under very low pressure 
condition. In case of cathodic sputtering, the 
bombardment is furnished by positive ions derived 
from an electrical discharge in a gas. The atoms are 
ejected away from the target and transported through 
the process chamber to final deposition on the 
substrate surface. Sputtering includes diode 
sputtering, ion-beam sputtering, magnetron sputtering, 
cathodic sputtering, KF or DC sputtering, reactive 
sputtering - but all these follow the same physical 
phenomenon on principle
121
. In magnetron sputtering, 
which is employed in maximum, the magnetron uses 
the principle of applying a specially shaped magnetic 
field to a diode sputtering target. Metal oxide thin 
films in nano dimension can be prepared by various 
sputtering methods. ZnO/Ag2O composite thin films 
with different Ag2O contents have been successfully 
synthesized on non-woven fabric at room temperature 
by radio frequency (RF) sputtering with a single 
ceramic target formed by hot pressing ZnO/Ag2O 
nanocomposite powder in Ar atmosphere at 180 °C 
for 30 min
122
. Shivya et al. reported the synthesis of 
magnetron sputtered CdO thinfilms for ammonia 
sensing
123
. Rydosz et al. also reported the preparation 
of CuO, TiO2 and SnO2 thinfilms by magnetron 




Cathodic arc deposition or Arc PVD 
Cathodic arc deposition or Arc PVD is also termed 
as cathodic plasma deposition. It is one among the 
oldest of coating technologies and improvisations in 
this field is astonishingly remarkable, such that it can 
be termed as the most emerging coating technology in 
the modern times, too. Cathodic arc plasma deposition 
categorically belongs to physical vapor deposition 
(PVD) techniques, although one point should be  
clear that it is a plasma deposition involving energetic 
condensation from plasma ions, rather than condensation 
of atoms from the vapor phase as in principle of PVD. 
The cathodic-arc deposition occurs between two 




 torr). A 
cathodic arc is a low-voltage, high-current plasma 
discharge. The arc current is concentrated at discrete 
sites at the cathode. These sites are termed as cathode 
spots and range ~1–10 µm in size. The current 
passing through a cathode spot amounts to 1–10 A. A 
typical arc discharge current of nearly 100 A produces 
a dense plasma of the cathode material. The ions 
within the plasma with substantial kinetic and 
potential energy get deposited in the form of thin film 
with unique properties. Diaz et al. reported the 
chromium and tantalum oxide nanocoatings prepared 
by filtered cathodic arc deposition for corrosion 
protection of carbon steel
125
. Among other metal 
oxide nanofilm coatings that have been developed by 







Laser induced synthesis – PLAL (Pulsed Laser Ablation in Liquids) 
Laser induced synthesis applies to all synthetic 
methodologies in the PVD category that employ laser 
in some way as the energy source to create the vapor 
phase of the material for the production of the NM. 
Different terminologies have been evolved out 
according to the mechanistic ins and outs of the 
processes, such as pulsed laser deposition (PLD)  
in gas chamber, laser vaporization controlled 
condensation (LVCC) etc. The efficacy of laser as an 
energy source depends on the wavelength, intensity, 
coherence and most importantly on the pulse width of 
the laser. A general name of pulsed laser ablation 
(PLA) for all laser induced PVD process is an 
accepted formalism. The PLA generally refers to 
ablation of the solid target by means of laser in the 
form of plasma plume, which is carried forward near 




to the substrate followed by supersaturation leading to 
nucleation and growth of the NM on the substrate. 
The laser ablation of solid material can occur in 
gaseous as well as in liquid matrix. However, the 
liquid matrix offers a great many advantages to 
control the physical and chemical processes occurring 
at the liquid-solid interface and that is why pulsed 
laser ablation in liquid (PLAL) has evolved as  
the most convenient way of NP synthesis. The choice 
of the liquid has a great influence on the shape,  
size, morphology and properties of the formed NPs. 
The synthesis occurs at room temperature,  
high pressure is generally not required. It is an 
environment friendly process and synthesis time is 
short. However, the chance of large scale synthesis is 
very much limited. Huge number of MONPs and 
nanocomposites have been prepared by PLAL. 











Inert gas condensation 
The technique of inert-gas condensation (IGC) 
involves evaporation of the solid phase material by 
thermal means or sputtering or by means of laser 
ablation inside the process chamber maintained at 
very low pressure of the order of about 10
-7 
torr. 
The process chamber is subsequently back-filled 
with a low-pressure inert gas like helium at low 
temperature resulting in dissipation of the kinetic 
energy of the material atoms by collision with the 
inert gas atoms inside the chamber. This energy 
loss leads to condensation in the form of small 
particles. The condensed particles are collected on a 
cold finger, kept at liquid nitrogen and the deposit 
is scraped off into a collection unit. The crystal size 
of the powder is generally in the range of a few 
nanometers and the size distribution is typically 
narrow. The crystal size depends on the inert gas 
pressure and temperature, the relative rate of 
evaporation and the gas composition (% of inert 
gas). High pressure and high molecular weight of 
the used inert gas leads to increase in particle size. 
A wide range of MONPs and nanocomposites have 
been synthesized by condensation of nanosized 
amorphous particles and their successive 
compaction by applied high pressure. Ramasamy et 
al. reported the synthesis of Sn-doped In2O3 (ITO), 
ZnO, Al2O3, Ag2O, CdO, CuO in the form of nano 
deposits by IGC technique
133
. Kusior et al. reported 
the deposition of Sn and Cu oxide nanoparticles on 
TiO2 nanoflower 3D substrates by IGC technique
134
. 
A. I. Ayesh also reported the synthesis of CuO clusters 




Electromagnetic Levitation Gas Condensation (ELGC) 
Electromagnetic levitation melting gas condensation 
(ELM-GC) or electromagnetic levitation gas 
condensation (ELGC) is an improvised modern 
version over conventional ICG. This process is 
devised in a way that no sample holder is required. 
Here the metallic sample is kept prepositioned in an 
electromagnetic field produced by induction coils of 
suitable geometry. The sample is melted and levitated 
stably. The vapors resulting from the evaporation of 
the molten levitated sample collide with the inert 
cooling gas blown directly on to the molten droplet 
surface and condensation occurs in the form of high 
purity fine powder of ultra small size. The size of the 
NPs depends on the droplet temperature and also 
quite strongly on the flow rate and heat capacity of 
the carrier gas. Various MONPs and nanocomposites 
have been synthesized by this method, examples may 









Chemical vapor condensation (CVC) 
In chemical vapor condensation, vapor phase 
components, produced mostly from solid phase 
precursors by resistive heating or by means of laser, 
plasma etc., are carried into a hot-wall reactor 
equipped process chamber, where nucleation of 
particles in vapor phase occurs that follow 
condensation in the form of ultra small particles. The 
conditions are so adjusted such that deposition in the 
form of thin film on the reactor wall can be 
minimized. The chemical reaction occurs between the 
gaseous precursors at high temperature in the gaseous 
phase and the resulting by-product gaseous substances 
are blown away after condensation. Metal salt or the 
metal itself can function as the role of precursor and 
presence of oxygen is a prerequisite for formation of 
oxides. Metal oxide nanobelts, nano fibres are the 
major types of thrust approach of CVC. This process 
is also referred as solid-gas-solid or gas-solid 
condensation. Hussain et al. reported the synthesis of 
hexagonal and tetragonal crystals of alkali metal 
tungsten bronzes MxWO3 (M=K, Rb, Cs), employing 
several transport agents like HgCl2, HgBr2, Hgl2, Cl2, 
PtCl2 in a temperature gradient. The hexagonal 
crystals were developed upto 6 nm whereas the 
tetragonal crystals upto 0.1 mm
140
. Wang et al. also 
reported the synthesis of ultrasmall single-crystalline 
ZnO nanobelts of ~ 200 nm in width by a facile  




gas-solid condensation employing thin film of 
metallic tin as catalyst
141
. Fe/TiOx and Fe-Co/TiOx 
nanocomposites were also reported to be synthesized 
by gas phase condensation in ultra-high vacuum 
chamber from Fe (99.9%), Ti (99.9%) and Co (99.9%) 
powders, whilst He (99.9996% purity) and O2 
(99.9999% purity) being supplied into the pre-evacuated 
chamber (~2 × 10
−7
 torr) maintaining the total 




Chemical vapor deposition (CVD)  
Chemical vapor deposition (CVD) is the process 
that is extensively used for thin film deposition of 
NMs over the surface of substrate or wafer. A CVD 
system is comprised of a precursor supply system 
equipped with a CVD reactor and exhaust machinery. 
In the case of CVD, liquid precursors are mostly used 
in order to achieve sufficient vapor pressure by 
heating at intermediate temperature, generally below 
200°C. Multiple precursors can also be used following 
the course of the reaction. Liquid substances with low 
volatility or solid precursors can also be introduced in 
the form of liquid injection-CVD and aerosol assisted-
CVD. The deposition reaction takes place within the 
reactor among the vapor phase precursors and the 
external energy is provided by thermal means or light 
or plasma. Deposition occurs homogeneously and in 
some cases heterogeneously which in turns governs 
the uniformity and adhesivity of the deposited film. 
The exhaust machinery is utilized to swipe off the gas 
phase reaction by-products. The morphology of 
deposited film is influenced by ambient pressure in 
the CVD chamber, the temperature of the vapor and 
the substrate, by the nature of substrate surface and 
also by the heat capacity and molecular weight of the 
carrier gas. Multi-component oxide nanosystems are 
synthesized in the most versatile fashion by CVD 
technique
143
. Barreca et al. reported the synthesis of 
ZnO-TiO2 nanocomposites by CVD through an initial 
growth of ZnO nanoplatelets on Si(100) and Al2O3 
substrates, followed by dispersion of TiO2 nanoparticles 
over the initially grown ZnO nanoplatelets at a 





Pr : iso-propoxy; dpm : 2,2,6,6-tetramethyl-3, 
5-heptanedionate] and Zn(hfa)2•TMEDA [hfa : 




thin films have been grown by metal organic chemical 
vapor deposition (MOCVD)
145
. Feng et al. reported 
the synthesis of high-crystalline indium oxide (In2O3) 
nanowires by CVD method on Si (111) substrates 






Laser pyrolysis is the process whereby laser induced 
pyrolysis of gaseous phase precursors occur in the 
process chamber. Generally gas phase precursors are 
employed. Although liquid reactants, in essential case, 
can be used either through in situ vaporization or in the 
form of microscale droplets formed via ultrasonication. 
A carrier gas like argon, transport the precursors to the 
process chamber where high-power laser beam (in the 
range of 2400 W) produces localized high temperature 
zones that cause the nucleation and growth of NPs
147
. 
The produced NPs are collected by a catcher fitted with 
a filter. Continuous mode CO2 laser is mostly used in 
this process and therefore the process is also referred as 
CO2 laser pyrolysis. ZnO nanostructures including 
nanorods and nanowires were synthesized using CO2 
laser heating of water-alcohol saturated solution of 
zinc-acetylacetonate [Zn(AcAc)2] in open air
148
. 
Dumitrache et al. reported the synthesis of highly 
magnetic γ-Fe2O3-based NPs by laser pyrolysis from 
Fe(CO)5 with varying O2 and C2H4 flow ratios with 
different laser power values
149
. Oxygen abundant 
anatase and rutile TiO2 NPs with high phase purity 
were synthesized from TiCl4 and C2H4 gas mixtures by 
CO2 laser radiation in presence of oxygen
150
. 
TiO2/SnO2 nanocomosites have also been synthesized 
from volatile TiCl4 and SnCl4 in presence of ethylene 





Spray pyrolysis is another very simple CVD 
technique used to prepare thin and thick films, core-
shell nanoclusters. Spray pyrolysis equipment 
involves an atomizer, precursor solution in liquid 
phase and substrate heater with temperature control. 
The liquid phase precursors are atomized via an 
atomizer and sprayed over a heated substrate by air 
flow, resulting in deposition of films over the 
substrate surface. Various types of atomizer such as 
ultrasonic atomizer (ultrasonic wave causes 
atomization), air blast (liquid is spread in an air 
stream) and electrostatic atomizer (electric field 
brings about the atomization) are used in spray 
pyrolysis. It is a relatively cheap process and the 
process control depends on the factors like deposition 
temperature, properties of the precursor solution 
regarding surface tension and pH of the solvent, type 
of atomizer etc. Nakate et al. recently reported the 
synthesis of nano-crystalline CdO thin film by spray 






. Park et al. has also described 
the synthesis of SnSe–SnO2 composite powders and 
SnSe nanospheres via one-pot spray pyrolysis by 
regulating the concentration of the Se precursor in the 
spray solution
153
. Son et al. reported the synthesis of 
multishelled Fe2O3 yolk–shell particles by a one-pot 
continuous spray pyrolysis process
154
. Báez-
Rodríguez et al. very recently synthesized hexagonal 
ZnO nanocolumns by chemical bath deposition on 
previously deposited ZnO nanoseeds on Corning glass 
substrates at deposition temperatures from 300 to 
550 °C in steps of 50 °C, by ultrasonic spray pyrolysis 
technique
155
. Core–shell structured NiO@TiO2 






The biological, biogenic or green synthesis is the 
synthetic route for the formation of MONPs that 
utilizes microorganisms like bacteria, fungi, algae  
or different parts of the plants for the synthesis.  
The green synthesis is especially important over the 
conventional physical and chemical methods. 
Whereas physical methods require high temperature, 
high pressure and costly instrumentation, the chemical 
methods deal with toxic chemicals having a hazardous 
impact on the environment. The green synthetic route 
is totally free from these limitations. The processes 




The bacteria either use the metal precursor directly 
as its metabolite to produce the MONPs or induce the 
formation of MONPs from the precursors. The 
various enzymes and co-factors present in the fungal 
cells do the same task. Plant parts contain variety  
of phytochemicals, ranging from carbohydrates, 
terpenoids, flavonoids, amino acids etc. They play  
the role to transform the metal precursors to MONPs. 
The chemicals within the microbial cells and the 
phytochemicals serve the role of stabilizing agent, 
modifier as well as capping agent for the biogenic 
MONPs. The green synthesis route also involves a 
very simple work-up protocol for ultimate generation 
of the MONPs. However, in one particular aspect, this 
procedure has a crucial limitation, that is regarding 
the polydispersity of the produced MONPs. It is  
not always easy to control the conditions in case  
of biogenic synthesis to narrow down the size 
distribution. The intricate mechanism of biogenic 
synthesis varies from system to system, which renders 
the feasibility of establishing a generalized protocol. 
An important feature is self-attained within the 
biogenically synthesized MONPs that is regarding 
their biocompatibility. In this aspect the biogenic 
MONPs emerge out as potent candidate for medical 
application. The available reports of biogenic 
synthesis of MONPs are really enormous in number, 
only a few recent works are being highlighted here. 
Suriyara et al. reported the facile one pot green 
synthesis of ZrO2 NPs at room temperature with 
average size between 37 nm – 51 nm using Acinetobacter 
sp.KCSI1 for the first time
158
. Kumaresan also 
reported a facile and green combustion synthesis of 
zirconia (ZrO2) NPs using marine brownalga 
(seaweed) Sargassum wightii
159
. Marquis et al. 
synthesized CaO NPs using Cissus quadrangularis 
extract
160
. Agarwal et al. reported the eco-friendly 
synthesis of ZnO NPs using Cinnamomum tamala leaf 
extract
161
. Naz et al. reported the synthesis of CeO2 
NPs using aqueous stem extract of R. punjabensis
162
. 
Dubey et al. reported the novel green synthesis of 
cobalt oxide (Co3O4) NPs with average size around 
10 nm using latex of Calotropis procera via simple 
precipitation method at room temperature
163
. Sukumar 
et al. very recently synthesized rice-shaped CuO NPs 
using Caesalpinia bonducella seed extract
164
. 
Surendra et al. synthesized rod shaped gadolinium 
oxide NPs (Gd2O3NPs) with average size of 26 ± 2 
nm using methanolic extract of Moringa oleifera (M 
oleifera) peel
165
. Arsalani et al. synthesized Fe3O4 
NPs by a simple green coprecipitation method at a 
mild temperature, using natural rubber latex extracted 
from Hevea brasiliensis as the capping agent
166
. Iron 
oxide NPs (Fe2O3−NPs) have also been synthesized 
using Skimmia laureola leaf extract in a benign way 
with size of the NPs in the range 56 nm to 350 nm
167
. 
Verma et al. reported the green synthesis of MgO NPs 
of size 55 ± 10 nm using the extract from a medicinal 
plant Calotropis gigantean
168
. Kganyago et al. 
reported the green synthesis of NiO NPs using 
Monsonia burkeana
169
. Fulekar et al. synthesized TiO2 
NPs using rhizosphere root zone microorganisms 
Micrococcus lylae (MF1), Micrococcus aloeverae 
(MF2), Cellulosimicrobium sp. (MF3), their consortium 





The synthetic procedures regarding production of 
MONPs according to morphology and properties 
comprise a very challenging domain. Based on the 
generalized principles of synthesis, new routes are 
being innovated where two or more synthetic 




protocols are being utilized in a single synthesis 
according to the need. The main aim remains  
always to use an eco-friendly set up with narrow 
polydispersity and increased biocompatibility.  
The instrumentation for characterization of NPs is 
improving generously and finer details of NPs are 
being explored – this also triggers towards 
synchronization and innovation of newer synthetic 
routes for the production of MONPs. 
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